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Abstract

A novel dual microelectrode system has been developed to study the effects of cavitation at the solid/liquid interface. By sealing
lead and platinum microelectrodes in close proximity, the mass transfer and surface effects from the same inertial cavitation event
have been recorded simultaneously for the first time. A number of advantages of the system have been outlined. In addition sup-
porting evidence for an erosion/corrosion mechanism on the lead electrode is reported.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Irradiation of an electrode with ultrasound generated
by horn-type transducers can have dramatic effects in
terms of both enhanced mass transfer of electroactive
species to the electrode [1-6] and erosion of the electrode
surface [7-9]. In both cases the phenomenon of cavita-
tion contributes greatly to the physical effects observed
[10]. Mass transfer enhancement at sonicated microelec-
trodes is characterised by an increased steady-state cur-
rent, due to acoustic streaming, superimposed with
current spikes caused by the motion or collapse of cav-
itational bubbles. The exact nature of these current
spikes is largely dependent on the electrode to horn sep-
aration. At small distances (<3 mm) single, transient
current spikes have been observed [2,5,6], which have
been associated with forced convection due to microjet-
ting during inertial bubble collapse. At greater distances
(up to 1 cm) periodic enhancements in mass transfer at
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harmonics of the driving frequency have been seen by
Maisonhaute et al. [11,12] and were attributed to peri-
odic blocking of the electrode by an oscillating bubble.
This change in behaviour is indicative of a transition
from a region where inertial and non-inertial cavitation
exists to a region where only non-inertial cavitation is
present. This is due to a decrease in the acoustic pressure
as the distance from the horn increases [13]. While mass
transfer enhancement is sensitive to a myriad of mecha-
nisms (acoustic streaming, inertial and non-inertial cav-
itation and other bubble motions), cavitation erosion
can only be caused by the high-energy processes, such
as microjetting and shockwave formation associated
with inertial cavitation. Birkin et al. [8] used passivated
lead and aluminium microelectrodes to record repassi-
vation transients associated with erosion caused by sin-
gle, inertial bubble collapses. Although the erosion and
mass transfer effects of power ultrasound have been
studied, each process is usually considered individually.
The aim of this work is to use lead and platinum micro-
electrodes together to study the mass transfer and ero-
sion effects of cavitation simultaneously. Lead was
chosen to study erosion events as it can be easily
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passivated, while platinum is an excellent material for
probing mass transfer effects, using well-characterised
redox reactions. A system of this type will provide a
much greater insight into the nature of processes occur-
ring within the plume of an ultrasonic horn.

2. Experimental

The basic experimental set-up for acoustoelectro-
chemical experiments has been described previously
[5]. For this work a micrometer stage was added to ena-
ble movement in the XY plane of 25 mm in each direc-
tion with 10 pm resolution.

The Pb/Pt dual electrode was constructed by sealing
lead microwire (125 um diameter, 99.5%, Goodfellow)
and an insulated platinum microwire (50 um diameter,
99.99%, Goodfellow) in close proximity (ca. 100 pm cen-
tre to centre separation) within the same housing (a glass
Pasteur pipette). This was achieved by the employment
of a casting epoxy resin (Struers Epofix). Cyclic voltam-
metry was recorded using a home built potentiostat
interfaced with a PC through an ADC card (Computer
Boards, PCI-DAS 4020/12) and software written in-
house. Platinum gauze served as the counter electrode
and a saturated calomel electrode (SCE) or Ag wire
(+0.04 V vs. SCE) was used as the reference or pseudo
reference electrode, respectively (see appropriate figure
legend). The Pb/Pb dual microelectrode was constructed
in a similar manner to the Pb/Pt electrode. However, to
insulate one of the 125 um diameter Pb electrodes em-
ployed, a layer of lacquer was applied prior to assembly.

For acoustoelectrochemical experiments the current
from both electrodes was recorded simultaneously by
means of a dual current follower. The bandwidth ' of
the dual current follower employed (constructed using
a TLO71CP operational amplifier) in this work was
790 kHz for the erosion events (gain = 1x 10* VA
and 240 kHz for the mass transfer events (gain = 1 x 10°
V A™Y). The rise time of the system was 13.7 and 374
As™! for mass transfer and erosion measurements,
respectively. These rise times were found to be faster
than the electrochemical events detected in the presence
of cavitation indicating that the events were not dis-
torted by the associated measurement electronics. In
the dual current follower experiments a silver wire was
used as a counter/reference electrode and the current
was recorded by a Tektronix TDS 220 digital oscillo-
scope at a sampling rate of 1 MHz.

Ultrasound and cavitation were generated by means
of a Grundig Digimess FG 100 function generator,
Briiel & Kjer Type 2713 power amplifier and ultrasonic

! Defined as the upper frequency limit at which an AC signal is
attenuated by 30%.

transducer fitted with a 3 mm diameter titanium tip
(Adaptive Biosystems). The function generator was
interfaced with a PC using software written in-house,
allowing the frequency, input voltage and duration of
the ultrasound to be accurately controlled. For this
work continuous ultrasound was used (22.83 kHz).
The ultrasound was characterised in terms of both the
calorific intensity (56 = 5 W cm~?) and the acoustic pres-
sure amplitude generated in the cell. The acoustic
pressure amplitude (at the driving frequency) was deter-
mined by performing an FFT of the pressure signal from
a hydrophone placed in the cell. At a distance of 11.2
mm from the tip of the horn the pressure amplitude
was 11 + 1 kPa. The pressure was measured at a large
distance to minimise the effects of spatial averaging
due to size of the sensing element in the hydrophone.
All solutions were made up using water from an USF
Elga Purelab Option E10 water purification system (con-
centrations are given in the appropriate figure legend).
Water purified in this manner had a conductivity of
below 0.06 pScm™' and a low organic content
(TOC < 30 ppb ?). Sodium sulphate (BDH, AnalaR)
and potassium ferrocyanide (Aldrich, 99%) were used
as supplied. Lead sulphate was made by precipitation
of Pb(NOs), (Alfa Aesar Puratronic, 99.999%) in sodium
sulphate. The solid PbSO, produced was washed with
water and dried in an oven. Fresh solutions were used
in all experiments to avoid problems associated with
the oxidation of the ferrocyanide ion. All experiments
were performed under aerobic conditions at 25 £ 1 °C.

3. Results and discussion

An SEM of the dual microelectrode after appropriate
polishing is shown in Fig. 1. The close proximity of the
microdiscs to each other is essential given the small diam-
eter of cavitational bubbles expected * and the desire to
quantify the cavitation processes occurring in the same
volume of the liquid simultaneously. The voltammetry
of both the microdiscs in a solution of 10 mM K 4Fe(CN)g
and 0.75 M Na,SO,is shown in Fig. 2. In the case of lead
microelectrode (solid line), there is an oxidation peak at
—0.45 V vs. SCE, due to the formation of a passivating
PbSO, layer and a corresponding stripping peak at
—0.70 V vs. SCE on the reverse scan. At potentials greater
than —0.4 V vs. SCE the Pb microelectrode surface is
covered with an insoluble PbSO, layer and essentially
zero current was observed. The dotted line in Fig. 2
shows a cyclic voltammogram of the platinum microdisc
within the same solution. This exhibits a characteristic

2 Manufacturer quoted figure.
3 The numerical solution of the RPNNP equation under similar
conditions yields a maximum bubble radius of approximately 120 um

[5].
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Fig. 1. SEM of the dual electrode. The lead microdisc (125 pm
diameter) is on the left and the platinum microdisc (50 pm diameter) is
on the right.
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Fig. 2. Cyclic voltammogram of the 125 um diameter lead disc (—)
and 50 pm diameter platinum disc (—-) of the dual electrode in a
solution containing 10 mM K4Fe(CN)g and 0.75 M Na,SOy. For lead
the sweep rate was 50 mV s~! and for platinum the sweep rate was 5
mV s~!. Both experiments were performed under aerobic conditions at
25+ 1°C.

sigmoidal curve corresponding to the electro-oxidation
of the Fe(CN)gf species on the platinum surface. A clear
plateau (between +0.3 and +0.7 V vs. SCE) corresponds
to the mass transfer limited oxidation of the Fe(CN)g_
species.

For acoustoelectrochemical work the potential of
both microdiscs was held at +0.8 V vs. Ag (a potential
chosen to ensure mass transfer limitation on the plati-
num/Fe(CN)g_ system and surface passivation on the
lead system) and the electrode to horn separation was
1.40 £ 0.02 mm. Fig. 3 shows three different events re-
corded under the conditions stated above employing
the dual microelectrode. The upper trace shows the cur-
rent recorded at the passivated lead microelectrode
(ipb/pbso,) and the lower trace is the current recorded
at the platinum microelectrode for the oxidation of
Ft?(CN)zf(iPt /FE(CN)?). In the case of the pla}tinum
microelectrode the current has also been normalised to
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Fig. 3. Current traces from lead (125 um diameter, upper plot) and
platinum (50 pm diameter, lower plot) discs of the dual electrode under
exposure to ultrasound. The electrode to horn separation was 1.4 mm.
The solution contained 20 mmol dm™> K4Fe(CN)g and 0.75 mol dm ™3
Na,S0O, and the experiment was performed under aerobic conditions
at 25+ 1 °C. Both electrodes were held at +0.8 V vs. Ag. The
ultrasound frequency was 22.83 kHz and the power was 56% 5
W cm ™2 The mass transfer data has been normalised with respect to
the steady-state current recorded under silent conditions (132 nA).

the silent steady state current of 132 nA (see right axis).
In the section labelled (a), current transients are seen
simultaneously on both traces. The magnitude and
duration of the transients are in good agreement with
previous work [2,6,8] and are indicative of an inertial
bubble collapse, showing for the first time that both
the mass transfer and erosion * effects of the same cavi-
tation event can be recorded simultaneously. It is also

4 1t should be noted that enhanced dissolution of the PbSO, cannot
account for the Pb transients observed. If one considers the solubility
product of PbSO, (1.82x 107%) [14] then a surface concentration of
Pb** of 2.43 x 107! mol cm™ can be calculated under the conditions
stated. Considering that the rates of transient mass transfer can be
assumed to be up to ~1 cm s~ ! this will approximate to a signal due to
mass transfer enhanced dissolution of 5.8 x 1071° A. This is insignif-
icant compared to the erosion transients observed (indeed five orders
of magnitude smaller). In addition the erosion signal terminates at a
defined distance between the source and the electrode whereas mass
transfer effects vary over an extended distance. Hence, the transients
observed for the Pb/PbSO, system are assumed (see later argument) to
be attributable to inertial collapse and the associated erosion mech-
anisms. This is also supported by previous literature [8].
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possible to detect cavitation events, which either pro-
duce mass transfer or erosion signals alone. Examples
of these type of event are shown in Fig. 3(b) and (c),
respectively. This clearly shows that the simultaneous
current transients are genuine and not the result of cou-
pling in the acquisition electronics. There is a minor
transient, seen in the lower trace of part (c), which does
not have the form of a mass transfer disturbance. How-
ever, coupling between the electrodes is insignificant on
this scale and the overall current at the platinum elec-
trode is dominated by genuine mass transfer events that
occur. At times outside the occurrence of peaks there is a
negligible current at the lead electrode, while at the plat-
inum electrode there is a much increased current, up to
ca. 30 times the silent steady-state current, due to defor-
mation of the diffusion field by streaming processes.
Assuming linear diffusion, analysis of this quasi-steady
state current shows that the diffusion layer thickness un-
der the sonication conditions used here is 0.7 pum.
Although the current time transients recorded simul-
taneously and shown in Fig. 3(a) are attributed to a sin-
gle inertial cavitation event, they are probably the result
of different effects associated with the collapse. Philipp
and Lauterborn [15] showed that while microjets and
associated shockwaves occur during the collapse of laser
induced bubbles at a surface, the majority of the erosion
observed is due to the generation of shockwaves. The
resulting damage pattern is circular with a diameter of
approximately 1.25 times the maximum bubble radius.
It is assumed that these shockwaves cannot be detected
in terms of increased mass transfer and the current spike
at the platinum electrode must therefore be due to either
an impinging microjet or the associated bubble motion
and collapse that generated the erosive mechanism.
There is no depletion in current prior to the mass trans-
fer spikes shown in Fig. 3(a) and (b), suggesting that un-
der these conditions the electrode is not blocked by the
bubble prior to its collapse. The platinum electrode is
effectively isolated from the lead owing to the small size
of the diffusion layer and so it is clear that the effects of a
collapse span a distance of at least 10 um (see Fig. 1).
Mass transfer enhancement without associated ero-
sion events (Fig. 3(b)) could be caused by non-inertial
cavitation, which will occur in the region under investiga-
tion. However, mass transfer events of the magnitude
and duration shown in the Fig. 3 ceased when the horn
to electrode distance was increased to more than 1.5
mm. Non-inertial cavitation would still be expected at
this distance; hence it is unlikely that the events shown
in Fig. 3 are due to non-inertial bubble oscillation. At
this time there is no obvious mechanism, which could ex-
plain an erosion event without mass transfer enhance-
ment (Fig. 3(c)). There will certainly be a spatial effect
whereby the response depends on the location of the
bubble collapse. An inertial event at the extremity of
the Pb/PbSQO, electrode could be up to 160 pm from

the centre of the Pt microdisc (see Fig. 1). At this distance
the mass transfer signal associated with the inertial col-
lapse is expected to be small compared to an event above
the Pt microdisc centre. However, in addition shock-
waves generated during cluster collapse should also be
considered. This is discussed in depth elsewhere [16].

An SEM of the electrode following sonication is
shown in Fig. 4, with the erosion of the lead clearly vis-
ible as a recessing of the surface (see Fig. 1). It is possible
to calculate the area eroded in each event. The reader is
directed to the details of the calculation which is re-
ported elsewhere [8]. However, for the transients shown
in Fig. 3(a) and (c) a pit radius of 8.6 or 16.8 pm, respec-
tively, was obtained following the charge associated with
the first 100 ps of the event. This is in close agreement
with previous calculations [§].

The use of a lead/platinum dual electrode as de-
scribed here has a number of advantages for the study
of acoustoelectrochemistry. First, the microdiscs sample
a relatively small volume of liquid and, as has been
shown above, it is possible to detect the effects of a single
bubble collapse. Second, the lead and platinum elec-
trodes are sensitive to different physical processes associ-
ated with sonication. While the platinum microdisc can
detect macroscopic fluid flow, bubble motions, inertial
and non-inertial cavitation the passivated lead microdisc
is only sensitive to high energy processes capable of sur-
face erosion. Third, the use of sodium sulphate/potassi-
um ferrocyanide electrolyte enables the microdiscs to be
held at the same potential. This allows for far simpler
acquisition electronics and minimises the effects of cou-
pling between the two signals. Finally, the redox chem-
istry of the ferro/ferricyanide couple occurs in a
potential range where the lead electrode is always pass-
ivated. This effectively allows the mass transfer response
of the dual electrode to be ‘turned on or off’ by simply
stepping the applied potential (between 0 and +0.8 V
vs. Ag), without effecting the erosion detection. This

AccV  Spol Magn Det WD b———————— 50pum

16.0kV 50 b00x GSE 100 0.7 Torr

Fig. 4. SEM of the dual electrode following sonication for 500 s at a
distance of 1.4 mm.
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effect is illustrated clearly in Fig. 5, which shows current
time traces recorded at much lower temporal resolution
than those shown in Fig. 3. In the first 10 seconds the
potential was held at +0.8 V vs. Ag and the ultrasound
was off. As expected, no current was observed at the lead
electrode, which is passivated and a steady-state anodic
current was seen at the platinum electrode. The ultra-
sound was then switched on. At the lead electrode cur-
rent transients due to repassivation were observed
while an elevated quasi steady-state oxidation current
was recorded at the platinum microdisc. When the
potential was stepped to 0 V vs. Ag (20-30 s) the behav-
iour of the lead electrode was unaffected but the mass
transfer current dropped to zero, as there is no redox
chemistry occurring at the platinum electrode. On step-
ping the potential to —0.8 V vs. Ag (3040 s) the erosion
signal was lost due to the removal of the PbSO, layer. At
the platinum electrode a large cathodic current was seen,
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Fig. 5. Current-time traces from lead (125 pm diameter, upper plot)
and platinum (50 pm diameter, lower plot) discs of the dual electrode
under various experimental conditions recorded at low temporal
resolution. The electrode to horn separation was 1.4 mm. The solution
contained 20 mmol dm 3 K4Fe(CN)g and 0.75 mol dm 3 Na,SO, and
the experiment was performed under aerobic conditions at 25 + 1 °C.
The ultrasound frequency was 22.83 kHz and the power was 56 £ 5
W em 2. The mass transfer data has been normalised with respect to
the steady-state current recorded under silent conditions.

which is attributed to the reduction of hydrogen ions un-
der enhanced mass transfer conditions. After the ultra-
sound was switched off (40-50 s) the current fell to a
relatively small steady-state value.

It is important to note that the transients observed on
the Pb electrodes are assumed to be caused by an erosion/
corrosion mechanism and not by enhanced dissolution of
the PbSO, layer as the result of bubble induced forced
convection. This statement can be supported in a number
of ways. First, the charge associated with the erosion
events reported here is in the range 1.13-4.33 nC (meas-
ured over the first 100 ps Fig. 3(a) and (c)). This is large
compared to what could be suggested for a dissolution
based mechanism. Consider a scenario where mass trans-
fer of fresh solution from the bulk effectively removed the
local Pb** concentration over an extended hemispherical
distance of 250 pum in radius. The charge required to re-
place the Pb>* in this environment would be of the order
of 0.15 nC. This is an order of magnitude less than the
events recorded even excluding the unlikely nature of
such a mechanism and ignoring the timescales of the
processes involved. Second, such a dissolution mecha-
nism relies on an extended dissolution volume. This
assumption can be shown to be invalid by the construc-
tion and employment of a novel dual Pb/Pb electrode.
In this case two 125 pm diameter Pb electrodes were
sealed in epoxy and the erosion transients recorded
simultaneously on exposure to cavitation. Fig. 6 shows
the results of such an experiment. In most cases cur-
rent-time transients are only observed on one of the
two electrodes (see Fig. 6). Considering that the elec-
trodes are only ~20 pum apart (see insert SEM in Fig.
6), then an extended dissolution mechanism would sug-
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Fig. 6. Current-time traces recorded for a dual 125 pum Pb/Pb
electrode exposed to cavitation. The solution contained 0.75 M
Na,SO,. The potential was held at +0.8 V vs. Ag and the electrode to
ultrasonic source distance was 1 mm. All other conditions as in Fig. 5.
The insert shows an SEM of the dual electrode (scale bar = 100 pum).
Note the noise associated with ‘Current Pb,’ is caused by a low signal
to noise for the fixed gain of the channel of the dual current follower
employed.
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gest that transients should be observed on both electrodes
every time. This is clearly not the case suggesting that the
mechanism producing the current-time transient is local
and hence most probably originates in an erosive event.
Third, for a dissolution mechanism to be responsible
for current-time transients it is necessary to have a con-
centration gradient of Pb®* from the electrode to the
solution. However, when experiments were performed
with a Pb** saturated solution current-time transients
of the form shown in Fig. 3 (and in agreement with pre-
vious literature [8]) were observed. This last set of exper-
iments, the set of calculations reported here and
elsewhere proves that the current-time transients ob-
served for the Pb system are most likely associated with
an erosion based mechanism but cannot be associated
with dissolution of the PbSQOy layer.

4. Conclusions

It has been shown that the simultaneous recording of
the erosion and mass transfer effects associated with an
inertial cavitation event can be achieved using this dual
microelectrode system. Further work aims to broaden
the region under investigation to include areas further
from the ultrasonic horn where periodic mass transfer
enhancement due to non-inertial cavitation has been re-
ported [11,12]. These electrochemical results will be used
in conjunction with sonoluminescent and sonochemilumi-
nescent imaging, high-speed photography, and acoustic
measurements to build a complete picture of the environ-
ment in the vicinity of an operating ultrasonic horn.
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